in nondormant, nonhardy cultivars when compared with fall dormant plants (Volenec, 1985 ; Boyce and Volenec, Hendershot and Volenec (1993) reported that soluble amino-N and buffer-soluble protein increased in autumn and early winter, and declined in spring as herbage T he extensive genetic and phenotypic variation growth resumed, with nondormant genotypes having found in alfalfa permits its cultivation in diverse decreased amino N and protein concentrations when climates. Fall dormancy has an especially large impact compared with dormant genotypes. Three vegetative on alfalfa adaptation to particular environments bestorage proteins (VSPs) were identified whose concencause of its association with winter survival (McKenzie tration in roots increased markedly during autumn cold et al., 1988). Fall dormant cultivars produce short, prosacclimation. These proteins were extensively utilized as trate shoots in autumn, exhibit slow rates of shoot elonan N source for initial shoot growth in spring and during gation after harvest in summer, and possess high winter shoot regrowth after defoliation in summer (Henderhardiness. In contrast, nondormant alfalfa plants grow shot and
hardy cultivars increased root amino and non-amino N cultivars and germplasms. This germplasm had root sugar concentralevels by 20 and 31%, respectively (Wilding et al., 1960) .
tions that were similar to plants with FD ratings of 1 to 3. Creation Bula et al. (1956) found a positive correlation between of even less FD germplasms that possess high winter hardiness would increased levels of soluble protein in autumn and enfacilitate our understanding of the physiological and molecular mechahanced winter hardiness of dormant alfalfa cultivars.
nisms controlling these two very important agronomic traits of alfalfa. Hendershot and Volenec (1993) reported that soluble amino-N and buffer-soluble protein increased in autumn and early winter, and declined in spring as herbage T he extensive genetic and phenotypic variation growth resumed, with nondormant genotypes having found in alfalfa permits its cultivation in diverse decreased amino N and protein concentrations when climates. Fall dormancy has an especially large impact compared with dormant genotypes. Three vegetative on alfalfa adaptation to particular environments bestorage proteins (VSPs) were identified whose concencause of its association with winter survival (McKenzie tration in roots increased markedly during autumn cold et al., 1988) . Fall dormant cultivars produce short, prosacclimation. These proteins were extensively utilized as trate shoots in autumn, exhibit slow rates of shoot elonan N source for initial shoot growth in spring and during gation after harvest in summer, and possess high winter shoot regrowth after defoliation in summer (Henderhardiness. In contrast, nondormant alfalfa plants grow shot and Volenec, 1993; Avice et al., 1996 ; Barber et extensively in autumn producing tall, erect shoots, real., 1996; Cunningham and Volenec, 1998 ; Noquet et sume rapid shoot elongation after defoliation in spring al., 2001). Roots of fall dormant, winter hardy cultivars and summer, but nondormant cultivars are not winter and populations accumulate more protein in their roots hardy (Zaleski, 1954; Smith, 1961; Busbice and Wilsie, in December when compared with roots of nondormant 1965; Stout and Hall, 1989; Sheaffer et al., 1992) .
plants that do not survive winter (Li et al., 1996; CunThe specific physiological, biochemical, and molecuningham et al., 1998; 2001) . In addition, several coldlar mechanisms causing FD-induced differences in shoot induced polypeptides appear in roots and crown buds growth in autumn and their association with poor winter of winter hardy cultivars during cold acclimation that hardiness is not completely understood. The improved are not present in roots and buds of nondormant plants winter survival exhibited by fall dormant cultivars is that winter kill (Castonguay et al., 1993 ; Cunningham closely associated with sugar accumulation in roots and et al., 1998). crown buds (Graber et al., 1927; Bula and Smith, 1954;  Investigators have identified several alfalfa cold har- Volenec et al., 1991; Castonguay et al., 1995; Cunning- diness genes (Mohapatra et al., 1987; Mohapatra et al., ham and Volenec, 1998; Cunningham et al., 2001 Wolfraim et al., 1993) . Northern blot analyses addition, Castonguay et al. (1995) reported a close assorevealed a positive association between transcript levels ciation of raffinose family oligosaccharide (RFO) accufor these genes and alfalfa FD and winter survival. Almulation with improved alfalfa winter survival. In conthough these differentially regulated transcripts have trast, root and bud starch concentrations were higher been identified in roots of cultivars possessing increased Starch and ethanol-soluble sugars were assayed by the methhardiness in these less fall dormant germplasms.
ods described in Li et al. (1996) . Protein analysis was conducted at 4ЊC unless otherwise stated. Soluble proteins were extracted by suspending 30 mg of freeze-dried root tissue in 1 mL of
MATERIALS AND METHODS
100 mM sodium phosphate buffer (pH 6.8) containing 1 mM phenylmethylsulfonylfluoride and 10 mM 2-mercaptoethanol.
Plant Culture and Sampling
Tissue suspensions were vortexed four times for 30 s at 5-min Plant materials used in this experiment included five experiintervals and then centrifuged at 14 000 ϫ g for 10 min. The mental germplasms provided by Forage Genetics Internasupernatants were retained. Protein concentrations were detertional (West Salem, WI): 98-132, 98-141, 98-142, 98-148, and mined by the protein dye-binding assay as reported previously 98-157. In addition, six alfalfa cultivars were included as con- (Cunningham et al., 1998) . Amino-N in the supernatant was trols representing a broad range in FD and winter hardiness. determined using ninhydrin with glycine as a standard (Rosen, These included: 'Vernal' (fall dormant, FD ϭ 2), 'Dart' (fall 1957) . For sodium dodecylsulfate polyacrylamide gel electrodormant, FD ϭ 3), 'G2852' (semi-dormant, FD ϭ 4.2), 'Arphoresis (SDS-PAGE) analysis, proteins were separated in cher' (semi-dormant, FD ϭ 5), 'Sutter' (nondormant, FD ϭ 0.75-mm-thick gels containing 12% (w/v) acrylamide (Laemmli, 7), and 'CUF 101' (nondormant, FD ϭ 9). Seedlings were 1970), and stained with Coomassie Brilliant Blue R-250. established at the Agronomy Research Center, Purdue University, West Lafayette, IN, in early May of 1998 and 1999.
RNA Isolation and Northern Blot
Seeds were sown in 3-m long rows spaced 92 cm apart in a Hybridization Analysis randomized complete-block with four replicates. Resultant plant populations were approximately 60 plants m Ϫ1 of linear Total RNA was isolated using hot phenol, and RNA (20 row. The soil was a Starks-Fincastle silt loam (fine-silty, mixed, g) was separated on a 1.5% (w/v) agarose-formaldehyde gel superactive, mesic, Aeric Endoaqualfs and Epiaqualfs) that as described previously (Gana et al., 1998) . A cold acclimation was fertilized and limed according to soil test for high alfalfa responsive (car) cDNA clone from alfalfa, bN-1 12a3 [similar yield. Seeds were inoculated with Rhizobium meliloti (Liphato cas17 (GenBank Accession L13415)] was labeled with 32 Ptech Corp., Milwaukee, WI) before planting. Plots were handdCTP using random priming (Feinberg and Vogelstein, 1983 ) weeded, and insects controlled as needed. Planting, cutting, and used to probe blots for steady-state transcript levels for and root sampling dates are summarized in Table 1 . Plant this gene. Hybridization and washing of membranes were done heights were measured in mid-October at eight randomly seas described by Gana et al. (1997) . Membranes were exposed lected positions within each plot. Linear regression of FD to x-ray film at Ϫ80ЊC. ratings of the alfalfa control cultivars vs. their mean fall height Statistical Analysis Fig. 2A) . (Snedecor and Cochran, 1980 (Fig. 2B) . The germplasm 98-Soil and air temperatures during both years of the 148 and Dart both were less fall dormant than Vernal, study at the Agronomy Research Center are shown in but each exhibited better winter hardiness. Likewise, Fig. 1 . In 1998, a killing freeze (defined as ambient air germplasm 98-132 had a FD value similar to Archer, temperature of Ϫ4ЊC or 25ЊF) occurred on 5 November, but a winter injury rating similar to Vernal, a winter and in 1999 occurred on 15 November. Plant height in hardy check cultivar used in many variety performance October (an estimate of FD) of the control cultivars trials. Averaged over both years, a significant increase differed in the expected manner ( Fig. 2A) . Averaged in winter injury was observed as autumn shoot height across years, height of fall dormant Vernal averaged increased (Fig. 3) . Winter injury increased slightly in 17 cm, while height of nondormant CUF 101 approached the interval from 10 to 25 cm, but increasing shoot height 37 cm with remaining cultivars intermediate in height.
in October beyond 25 cm resulted in a substantial inLinear regression of FD (FD) rating of the control culticrease in winter injury. These results agree with previous vars Vernal, Dart, G2852, Archer, Sutter, and CUF 101 reports documenting the positive relationship between vs. mean autumn plant height was significant and refall height and winter injury (Cunningham et al., 1998; sulted between FD and decreased winter injury was observed, r 2 Ն 0.95. These regression equations were used to predata for three cultivars/germplasms (98-148, Dart, and dict FD ratings of the experimental germplasms within each of the respective years, and these FD estimates 98-132) was below the regression line indicating that they exhibited less winter injury than predicted from their shoot heights when compared with other cultivars/ germplasms in this study. We hoped that detailed analysis of the root physiology of these germplasms/cultivars, when compared with plants with similar FD but poorer winter survival, would reveal attributes associated with improved winter hardiness. Root sugar concentrations in October averaged 88 mg g Ϫ1 and were slightly lower in 98-142 when compared with the dormant cultivars and germplasms. When comhad a stronger correlation with shoot regrowth potential in spring than does the root carbohydrate concentration. pared with plants sampled in October, root sugar concentrations increased an average of 35% in December, In our study, root carbohydrate reserves were reported on a concentration basis, and examination of root mass except for CUF 101, which exhibited decreased root sugar concentrations in December (Fig. 4A) ). Root sugar among cultivars and germplasms (Fig. 4B) . Vernal, the least winter hardy of the five most fall dormant cultivars/ accumulation in late autumn has been positively correlated with enhanced alfalfa winter survival (Graber et germplasms had lower root starch concentrations in October than the other fall dormant plants. Similarly, 98-al., 1927; Grandfield, 1943; Bula and Smith, 1954; Volenec et al., 1991; Castonguay et al., 1995; Cunningham 132 , which incurred less winter injury than G2852 and Archer, had higher root starch concentrations in Octoand Volenec, 1998) . Germplasm 98-132 had higher root sugar concentrations in December when compared with ber than did these check cultivars. In December, root starch concentration increased in G2852, Archer, Sutter, Archer, a factor associated with its greater winter hardiness. However, the reduced winter injury of 98-148 and and CUF 101; cultivars that exhibited the greatest degree of winter injury. The positive association between Dart, when compared with Vernal, could not be attributed to differences in root sugar concentrations. This winter injury and late-season starch accumulation agrees with previous research (Castonguay et al., 1995 ; agrees with recent findings (Dhont et al., 2002; Haagenson et al., 2003) where mowing alfalfa in autumn, which Cunningham and Volenec, 1998) . In addition, sugar accumulation in roots of these cultivars was relatively low reduced winter survival, consistently increased root sugar concentrations when compared with plants left when compared with roots of other cultivars/germplasms in this study indicating that partition of C beuncut during autumn. Dhont et al. (2002) suggested the amount of root carbohydrate reserves in roots in autumn tween starch and sugar pools differs in December in were observed in roots of nondormant alfalfa cultivars when compared with fall dormant cultivars (Cunningham and Volenec, 1998) . Vernal and Dart, both older cultivars, had lower root amino-N concentrations in December when compared with Archer, Sutter, and CUF 101. However, the new dormant germplasms 98-141, 98-157, 98-148, and 98-142 all possessed higher root amino-N levels than even the nondormant cultivars used in this study and at FD ratings Ͻ3, had excellent winter hardiness. Like amino N, both germplasm and sampling date influenced root soluble protein concentrations (Fig. 5B) . In October, the dormant experimental germplasms 98-141 (42 mg g Ϫ1 ) and 98-148 (41 mg g Ϫ1 ) had the highest root protein concentrations, with protein concentrations of the remaining cultivars and germplasms averaging 37 mg g
Ϫ1
. Root protein concentrations in December also were highest for the experimental germplasms: 98-141, 98-148, and 98-142. High root protein concentrations in December have been positively correlated with increased FD and enhanced winter survival in previous studies (Cunningham et al., 1998; 2001) . However, variation in root protein concentration could not explain 98-157 and Dart, both of which incurred less injury than Vernal. Likewise, root protein concentrations of G2852, roots of dormant versus nondormant alfalfa cultivars.
98-132, Archer, and Sutter were similar in both October An exception to this was the semi-dormant germplasm and December, even though 98-132 demonstrated supe-98-132 that accumulated high concentrations of both rior winter survival. The SDS-PAGE analysis of polysugars and starch in roots in December and exhibited peptides revealed small seasonal and germplasm-related good winter survival. While starch accumulation in Dechanges that were not consistently associated with dorcember may not directly reduce winter hardiness, its mancy or winter hardiness (data not shown). impact on root sugar accumulation in Archer, Sutter, and CUF 101 (Fig. 4A) , may contribute to the poorer
Expression of Cold Acclimation
winter survival of these cultivars.
Responsive Genes Root Amino-N and Protein Concentrations
Previous studies have shown that fall dormant, winter hardy cultivars have increased expression of cold hardiAmino-N concentrations varied with germplasm and ness genes during autumn, whereas nondormant, nonsampling date (Fig. 5A) . Averaged over all cultivars/ hardy cultivars have low transcript levels for these genes germplasms, root amino-N concentrations were 26% (Mohapatra et al., 1987; Mohapatra et al., 1989 ; Wolhigher in December when compared with October. In fraim et al., 1993; Cunningham et al., 1998; Cunningham October, root amino-N concentrations were lowest in et al., 2001 ). In agreement with these studies, abundance Vernal, Dart, and G2852 and were higher in the germof a cold acclimation responsive (car) transcript in roots plasms  of the nondormant, severely injured CUF 101 was below these germplasms maintained high root amino-N conour detection limits in October (Fig. 6 ). Low car trancentrations, whereas roots of Vernal and Dart had the script levels also were detected in October in roots of lowest amino N concentrations. With the exception of G2852, which incurred more winter injury than germDart, there was a positive association between root plasms 98-142 and 98-132, which had similar FD (Fig. 2 ) amino-N concentration in December and winter hardibut had higher car transcript levels. Between October ness among the five most fall dormant cultivars/germand December, transcript abundance increased to simiplasms. Vernal had low root amino-N concentrations lar levels in roots of all cultivars and germplasms irreand incurred the greatest amount of injury. However, spective of FD and winter survival. This is consistent variation in winter injury among 98-132, G2852, and with previous work where a closer association between Archer was not explained by changes in amino-N conexpression of car genes and genetic differences in winter centrations in October or December, which were similar injury is observed in October and November than in among these cultivars/germplasms. In a previous study using older cultivars, higher amino-N concentrations December when plants are completely dormant (J. Vo- 
